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Abstract
The generic expectation in string/supergravity models is that there are mul-
tiple moduli fields with masses of the order of the supersymmetry breaking
scale. We study the cosmology that arises as a result of vacuum misalignment
of these moduli fields (in contrast to previous studies which mostly focussed
on the single modulus case). We show that the dark radiation produced
from the heavier moduli undergoes significant dilution. This happens even if
there is a small splitting between the masses of the lightest and the heavier
moduli. On the other hand, in the absence of fast annihilation processes
decay of heavier moduli generically leads to overproduction of dark matter.
We discuss a scenario where the problem can be addressed with a prompt
dark matter annihilation to dark radiation. This can lead to realistic dark
matter abundances, and the additional dark radiation produced as a result
of this mechanism undergoes sufficient dilution as long as the annihilation is
prompt.
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1 Introduction
Moduli fields and hidden sectors are ubiquitous in string compactifications. It is impor-
tant to develop an understanding of their implications for phenomenology and examine
the generic predictions. One such implication is moduli cosmology [1–3]. For a large
class of models, moduli fields experience vacuum misalignment as a result of inflation.
This leads to epoch(s) in the history of the Universe where the energy density of the
Universe is dominated by oscillating moduli fields. The Universe reheats with the decay
of each species of modulus field. In cases where one of the moduli fields is significantly
lighter than all others, it can be argued that the decay products of all the heavier mod-
uli are diluted and the decay of the last modulus effectively sets the initial conditions
for the evolution of the Universe. Most studies of moduli cosmology in the literature
have focussed on this case. However, in general one expects multiple moduli with masses
close to the lightest one. This paper aims to initiate the study of moduli cosmology in
such settings. Our focus will be on dark radiation and dark matter abundances. The
abundances will be sensitive to the branching ratios of the moduli to all their decay
products (both in the visible and hidden ones). We will quantify the size of branching
ratios and the splittings necessary between the light modulus and the heavier ones for
viable phenomenology.
In string/supergravity models the potential experienced by moduli fields depends on
the inflaton vacuum expectation value (VEV) which results in vacuum misalignment
[4]. For a single modulus, ϕ, the dynamics in an FRW background (after canonical
normalisation) is governed by the equation
ϕ¨+ 3Hϕ˙+
∂V
∂ϕ
= 0 ,
where H is the Hubble parameter and V is the scalar potential. The form of the above
equation implies that the modulus remains pinned to its initial displacement ϕin till
the Hubble constant falls below its mass. After this, it begins to oscillate about its
post-inflationary minimum; the associated energy density redshifts like matter. Finally
the modulus decays, the Universe is injected with its decay products. Typically moduli
interact with Planck suppressed interactions and their lifetime is approximately given
by
t ∼ m
2
pl
m3ϕ
,
where mpl = 2.43 × 1018 GeV is the reduced Planck mass. Thus the amount of time
available for the dilution of the decay products of a modulus is determined by its mass.
This makes the cosmology sensitive to the moduli mass spectrum. To proceed, we assume
1
that the mass spectrum is that of a generic model. Let us outline these assumptions
(and the basis for these). Moduli masses are determined by the potential
V = eK
(
Kij¯DiWDj¯W − 3|W |2
)
,
where K andW are the Ka¨hler and superpotentials of the model and the derivatives are
the Ka¨hler covariant derivatives. The gravitino mass is given by
m3/2 = 〈eK/2|W |〉 .
In the presence of a large number of hidden sectors1, one expects that supersymmetry
breaking takes place in a sector that communicates with the standard model via inter-
actions of gravitational strength (see e.g [7–10]). In general there will also be moduli
which interact with the supersymmetry breaking sector with interactions of the same
strength; thus the generic expectation for these moduli is that their masses are approx-
imately at the scale of the gravitino mass (which, in our case, is also the mass scale of
the visible sector superpartners). In summary, our setup will consist of multiple moduli
with masses of order the lightest one2 with couplings of gravitational strength to the
visible and hidden sectors.
Dark radiation poses a serious challenge for moduli cosmology. Moduli decaying to
radiation in hidden sectors or light axions lead to dark radiation. Given the strong obser-
vational constraints on dark radiation [12], these can be disastrous for phenomenology.
Even in the case of one light modulus, the constraints require that the constructions are
special so that the dangerous decay channels are suppressed [13]. The problem is ampli-
fied with multiple moduli, as each one of them can in principle decay to dark radiation.
Tuning the constructions so that all the dangerous channels have small branching ratios
seems highly unnatural. In this work, we do not assume such unnatural tuning, and
quantify the splitting necessary between the lightest modulus and a heavy modulus so
that dark radiation produced as a result of the decay of a heavier modulus is sufficiently
diluted. We find that the splitting necessary is not large, so need not be considered as
imposing a strong constraint on the spectrum.
We next turn to dark matter. There are various scenarios to produce dark matter
in moduli cosmology (see e.g. [3, 9, 16, 17]). We will focus on the simplest case – dark
matter produced as a result of decay of the moduli. We find that in the absence of
annihilation processes, dark matter is overproduced (the dilution mechanism for dark
1Consistency requirements often force a large number of hidden sectors in string compactifications,
see e.g., [5, 6].
2Situations where the lightest modulus is much lighter than all others can naturally arise if a sym-
metry principle is operational such as in the Large Volume Scenario [11].
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radiation discussed in the previous paragraph does not work for dark matter). We
propose a viable scenario where dark matter annihilates into dark radiation promptly
which in turn gets diluted by the mechanism discussed previously leading to realistic
abundance.
2 Two Moduli
The essential features of our analysis can be captured by considering a model with
two moduli. Thus, we carry out our analysis in the main text considering a system
with only two moduli (for completeness we discuss aspects of the many moduli case
in Appendix A). We denote the moduli by ϕ1 and ϕ2 and their masses by m1 and m2
respectively (with m1 < m2). Assuming only gravitational couplings, the life time of
the moduli fields is of the order m2pl/m
3
ϕi
≈ (16 TeV/mϕi)3 sec. This must be less than
the age of the Universe at the time of Big Bang Nucleosynthesis (BBN) so as not to
spoil the successes of BBN [1]. Thus m1,2 must be larger than ∼ 50 -100 TeV. We take
m1 ∼ 50 TeV as a benchmark value, and assume that m2 is of the order of m1 (but
larger).
Following the arguments in [4], we assume that during inflation the (canonically
normalised) fields ϕ1, 2 get a displacement of the order of mpl from their late-time min-
ima. After the end of inflation the Hubble parameter (H) decreases with time. When
H . m2(m1), ϕ2(ϕ1) starts oscillating around its minimum. We define the following
quantities:
ρ2,in(ρ1,in) : energy density stored in the field ϕ2(ϕ1) when it starts oscillating;
H2,in(H1,in) : Hubble parameter when ϕ2(ϕ1) starts oscillating; recall that Hi,in ∼
mi;
a2,in(a1,in) : scale factor when ϕ2(ϕ1) starts oscillating.
Once ϕ2 starts oscillating, the energy density associated with the initial displacement
ρ2,in redshifts as matter, and quickly dominates the energy density of the Universe. Thus
the evolution is well approximated by assuming matter domination. When the Hubble
parameter decreases to H ∼ Γ2 ∼ m32/m2pl, the heavy modulus decays. Let us denote the
branching ratios of the decay of ϕ2 to dark matter, dark radiation, and the visible sector
by B2,dm, B2,dr and B2,vis respectively. The dark radiation and dark matter densities just
3
Figure 1: A sketch of the time evolution of the Universe in the presence of two moduli.
after the decay of ϕ2 are then given by
3
ρdr|ϕ2 decay = ρ2,in
(
Γ2
m2
)2
B2,dr , (2.1)
ρdm|ϕ2 decay = ρ2,in
(
Γ2
m2
)2
B2,dm , (2.2)
ρvis|ϕ2 decay = ρ2,in
(
Γ2
m2
)2
B2,vis , (2.3)
where we have used the fact that, in the matter dominated era, the ratio of the scale
factors at time tA and tB is related to the ratio of the Hubble parameters by(
a(tB)
a(tA)
)3
=
(
H(tA)
H(tB)
)2
. (2.4)
Note that, unless the mass of the dark matter particles are too close to m2/2, they
will be relativistic at the time of production. In the set-up under consideration, it is
natural to have the dark matter to arise from the hidden sector with a mass not much
less than the moduli mass scale (see for example, [14,15] for motivations for dark matter
as hidden sector LSP). When needed, we will use a benchmark value of approximately
a TeV.
3We assume the decay to be instantaneous.
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The number density of the dark matter particles at production can now be written
as (assuming 2-body decay)
ndm|ϕ2 decay =
2ρdm|ϕ2 decay
m2
. (2.5)
Let us determine the equation of state of the Universe right after the decay of ϕ2 (H ∼
Γ2). At this stage, the density of non-relativistic matter is given by the contribution
from the oscillations of the modulus ϕ1 only. This can be written as
ρmat|ϕ2decay = ρ1,in
(
Γ2
m1
)2
=
=
1
2
m2plm
2
1
(
Γ2
m1
)2
=
=
1
2
m2plΓ
2
2 , (2.6)
where in going from the first line to the second, we have set the initial displacement of
ϕ1 to be of the order of mpl. Similarly, the energy density of radiation at that time is
ρrad|ϕ2decay = ρ2,in
(
Γ2
m2
)2
(B2,vis + B2,dr + B2,dm) =
=
1
2
m2plm
2
2
(
Γ2
m2
)2
(B2,vis + B2,dr + B2,dm) =
=
1
2
m2plΓ
2
2 (B2,vis + B2,dr + B2,dm) . (2.7)
Comparing Eq. (2.6) and Eq. (2.7), we see that the Universe is at an epoch of matter-
radiation equality at ϕ2 decay, and thus becomes matter dominated soon after the decay
of ϕ2.
After the decay of ϕ2, the Universe evolves adiabatically until the decay of ϕ1. This
occurs when H ∼ Γ1. Given the results of the previous paragraph, we take the epoch
between the decay of the two moduli to be matter dominated. As described in the intro-
duction, a sizeable branching fraction of the decay of ϕ1 to dark radiation is disastrous,
thus we assume that this is negligible. However, the contribution from the decay of the
heavier moduli can in principle also be significant, and demanding negligible branching
ratios of all the heavier moduli to dark radiation seems too stringent a requirement.
Thus it is natural to take a non-negligible branching ratio of the heavier modulus to
dark radiation, and study possible mechanisms so as to get viable phenomenology.
Let us denote the branching ratios of ϕ1 to dark matter and visible sectors by B1,dm
and B1,vis respectively. We will now compute the energy densities of the various com-
ponents after the decay of ϕ1. As these are the energy densities right after the last
reheating epoch, we denote them with a superscript “rh”.
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Dark radiation: Dark radiation dilutes as a−4(t) in the epoch between the decay of the
two moduli. Making use of Eq. (2.1) we have (see appendix B)
ρrhdr = ρdr|ϕ2 decay
(
Γ1
Γ2
)8/3
= ρ2,in
(
Γ2
m2
)2
B2,dr
(
Γ1
Γ2
)8/3
. (2.8)
Dark Matter: Dark matter receives contributions from the decay of both the moduli.
Since, there is no annihilation the number density of dark matter produced from the
decay of ϕ2 dilutes as a
−3(t) in the epoch between the decay of the two moduli. Thus,
using Eq. (2.5) we find that the contribution to the dark matter number density from
the decay of ϕ2 at the time of ϕ1 decay is given by
n
(2),rh
dm = ndm|ϕ2 decay
(
Γ1
Γ2
)2
=
= ρ2,in
(
Γ2
m2
)2
B2,dm
(
Γ1
Γ2
)2
2
m2
=
=
1
2
m2pl Γ
2
1 B2,dm
2
m2
. (2.9)
Similarly, the contribution from the decay of ϕ1 is
n
(1),rh
dm =
ρ1,in
(
Γ1
m1
)2
B1,dm
m1/2
=
=
1
2
m2pl Γ
2
1 B1,dm
2
m1
. (2.10)
Note that there is a mild hierarchy, m1/m2, between the two contributions. Now, let us
turn to the visible sector.
Visible Sector: The visible sector gets contributions from the decay of both the moduli.
It dilutes as a−4(t) in the epoch between the decays of the two moduli. Using Eq. (2.3),
we find
ρrhvis = ρvis|ϕ2 decay
(
Γ1
Γ2
)8/3
+ ρ1,osc|ϕ1 decay B1,vis = (2.11)
= ρ2,in
(
Γ2
m2
)2
B2,vis
(
Γ1
Γ2
)8/3
+ ρ1,in
(
Γ1
m1
)2
B1,vis . (2.12)
Taking again the initial displacements of the fields to be of the order mpl, the reheating
temperature of the visible sector can be easily obtained from Eq. (2.12). We get
Trh =
(
ρrhvis
gˆvis(Trh) pi2/30
)1/4
≈ 13 MeV
(B1,vis + (m1/m2)2B2,vis
gˆvis(Trh)/10
)1/4 ( m1
100 TeV
)3/2
.(2.13)
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Note that, the contribution from the decay of ϕ2 is smaller than that from the decay of
ϕ1 by a factor of
(
Γ1
Γ2
)2/3
∼
(
m1
m2
)2
.
3 Observables
In the previous section, we have computed three energy densities: the energy density of
the visible sector at the end of reheating (ρrhvis), the energy density of dark radiation at
the end of reheating (ρrhdr) and the energy density of dark matter at the end of reheating
(ρrhdm). Next, let us use these to compute cosmological observables in the ‘two moduli’
model.
3.1 ∆Neff at the time of decoupling of the neutrinos
The quantity ∆Neff at the time of decoupling of the neutrinos is defined to be the ratio
of the energy density in dark radiation and the energy density in one species of neutrino
at the time of decoupling,
∆Neff =
3ρdr(tν)
ρν(tν)
=
43
7
ρdr(tν)
ρvis(tν)
, (3.1)
where tν denotes the time of decoupling of neutrinos. Let us begin by expressing this
in terms of ρvisrh and ρ
dr
rh (which we have computed in the previous section). Assuming
no significant change in the number of degrees of freedom in dark radiation between the
time of last reheating and the decoupling of neutrinos, we have:
ρdr(tν) = ρ
rh
dr
a4(trh)
a4(tν)
. (3.2)
We also have for the visible sector
ρvis(tν) = ρ
rh
vis
gˆ(Tν)T
4
ν
gˆ(Trh)T 4rh
, (3.3)
where Tν is the temperature of the visible sector
4 at the time of decoupling of the
neutrinos, and gˆ(T ) is the effective number of relativistic degrees of freedom in the
visible sector at temperature T . Ratios of the temperatures can be related to the ratio
of the scale factors by making use of the conservation of entropy in the visible sector,
a3(trh)gˆ(Trh)T
3
rh = a
3(tν)gˆ(Tν)T
3
ν . (3.4)
4All temperatures and the gˆ factor quoted are for the visible sector.
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Combining Eq.s (3.1), (3.2), (3.3), and (3.4) we have
∆Neff =
43
7
ρrhdr
ρrhvis
gˆ1/3(Tν)
gˆ1/3(Trh)
. (3.5)
Plugging in the results from the previous section and taking gˆ(Trh) ≈ gˆ(Tν) ≈ 10, one
finds (taking the leading contribution i.e., the second term in Eq. 2.12)
∆Neff =
43
7
ρ2,in
(
Γ2
m2
)2
B2,dr
(
Γ1
Γ2
)8/3
ρ1,in
(
Γ1
m1
)2
B1,vis
. (3.6)
Taking the displacements to be of the order of mpl, we get
∆Neff ≈ 6.14 B2,drB1,vis
(
m1
m2
)2
. (3.7)
Alternatively,
m2 =
2.48√
∆Neff
√
B2,dr
B1,vism1. (3.8)
This implies that the dark radiation produced from the decay of heavier moduli can
be diluted so as to be consistent with the observations even if the mass of ϕ2 is only
a few times that of the mass of ϕ1. For example, m2 ∼ 5m1 leads to ∆Neff . 0.25
(for O(1) branching ratios) which is consistent with the current bound from CMB [12].
The mechanism is quite robust; even ∆Neff . 0.03, which might be achieved by the
CMB Stage-IV experiment [18], requires m2 ∼ 15m1. A similar conclusion holds for
cases with multiple moduli, which we discuss in Appendix A. Thus, a small split in the
moduli spectrum can prevent dark radiation overproduction.
3.2 Dark matter abundance
As described in the previous section, dark matter is produced from the decay of both
the moduli. Let us examine the contribution from the decay of the heavier modulus to
the dark matter abundance if there is no annihilation. To do this, we compute the ratio
of number density of dark matter produced from the decay of the heavier modulus and
the visible sector entropy density. Using Eq. (2.9) and
s =
2pi2
45
gvis(Trh)T
3
rh , (3.9)
we get,
n
(2),rh
dm
s
=
3
2
gˆvis(Trh)
gvis(Trh)
Trh
m1
B2,dm
B1,vis
(
m1
m2
)
. (3.10)
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Recall that observations set
ndm
s
∣∣∣∣
Obs
= 5× 10−12
(
100 GeV
mχ
)
, (3.11)
where mχ is the mass of the dark matter. Taking m1 ≈ 100 TeV, mχ ≈ 100 GeV and
the reheat temperature from Eq. (2.13), we find that
n
(2),rh
dm
s
≈ 105 B2,dmB1,vis
(
m1
m2
)
ndm
s
∣∣∣∣
Obs
. (3.12)
For m1/m2 ∼ 0.1, the contribution from the heavy modulus is approximately four orders
of magnitude larger than the observed value.
4 Dark matter dilution mechanism
As we have seen in the previous section, in the absence of annihilation processes dark
matter is generically overproduced. It is interesting to ask whether there is a natural
way to reduce the abundance of dark matter produced form the decay of the heavier
moduli. We will argue that such a mechanism exists if the dark matter produced can
annihilate 5 to dark radiation. This is facilitated if the hidden sector from which the
dark matter arises also contains dark radiation. The dark matter that survives after the
self-annihilation can have the correct abundance. Additional dark radiation is produced,
but this is diluted as described before, if the annihilation processes are prompt and cease
well before the decay of the lightest modulus.
Since dark matter annihilation has to be such that the dark radiation produced gets
diluted, we will demand that 〈σv〉ann of the annihilation process is large enough so that
the dark matter produced immediately annihilates into dark radiation. This is the case
if
ndm|ϕ2 decay〈σv〉ann > H(tϕ2decay) . (4.1)
Making use of Eq. (2.5) in Eq. (4.1) we find
B2,dmm22〈σv〉ann > 1 . (4.2)
The annihilation stops approximately when the annihilation rate becomes of order of
Hubble. At that point, the number density, nˆdm, is given by
nˆdm ' H(tϕ2decay)〈σv〉ann '
m32
〈σv〉ann m2pl
. (4.3)
5Annihilation of dark matter produced from decay of moduli has been previously invoked in [9, 17].
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Redshifting this abundance till the decay of the lightest modulus gives
nˆ
(2),rh
dm '
m31
〈σv〉annm2pl
(
m1
m2
)3
. (4.4)
This has to be compared to the contribution of the decay of the heavy modulus to dark
matter number density at the time of decay of the light one without the annihilation
process (which we defined to be n
(2)rh
dm in Eq. (2.9)),
n
(2),rh
dm ' B2,dm
m1
6
m2pl
1
m2
. (4.5)
The ratio is
nˆ
(2),rh
dm
n
(2),rh
dm
' 1B2,dm
1
m22〈σv〉ann
. (4.6)
Dark matter produced is expected to become non-relativistic very quickly [17, 19]. In
this case, if one roughly estimates the cross section to be 〈σv〉ann ' g4/m2χ then
nˆ
(2),rh
dm
n
(2),rh
dm
' 1
g4 B2,dm
(
mχ
m2
)2
. (4.7)
Thus, the dark matter overproduction problem can be alleviated if there is approximately
two orders of hierarchy between mχ and m2 (which can be satisfied if mχ ∼ 100 GeV
- TeV as taken in the previous section). Such a hierarchy can be obtained if there is a
loop suppression between the masses generated for the fermions and the scalars, see for
example [14, 20, 21]. Since the ratio in Eq. (4.6) scales inversely with the annihilation
cross-section, having dark radiation in the same sector as the dark matter helps reducing
the dark matter abundance.
5 Conclusions
Moduli fields are a generic feature of string compactifications. Their vacuum misalign-
ment can have a significant impact on cosmology. Another generic feature of string
compactifications is the existence of hidden sectors. It is important to understand if
these two ingredients have any implications for cosmology. As it is natural to expect
multiple moduli at the gravitino mass scale, we have initiated the study of modular
cosmology in the presence of multiple moduli. We have focused on dark radiation and
dark matter abundances. For dark radiation, even a small split between the lightest
modulus and the heavier ones dilutes the radiation produced from the heavier moduli,
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so that they do not lead to overproduction of dark radiation. For dark matter, con-
tributions from the decay of heavier moduli leads to overproduction in the absence of
annihilation processes. We have seen that there is an natural solution to this problem
– fast annihilation of the dark matter to dark radiation in its sector. With this, if the
heavier moduli with sizable branching fractions to dark matter are two or three orders
of magnitude heavier than the dark matter particle, then there is no over production of
dark matter. This mild hierarchy seems to be necessary for viable phenomenology.
Of course, there are many directions to explore. It will be interesting to study in
detail the implications of our scenario for direct detection experiments. Our analysis has
relied on generic expectations on the spectrum and initial displacements of the moduli
fields, and it would be interesting to carry out studies of explicit string constructions.
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A Multiple Moduli
It is easy to generalise our discussion to N > 2 moduli (with N not very large). For N
moduli ϕi of mass mi, the entire epoch between the oscillation of the first modulus to
the decay of the last modulus can be approximated to be matter dominated. If each
of the modulus has order one branching fraction to the visible sector, then the visible
sector energy density at the time of the last reheating is dominated by the contribution
from the decay of the lightest modulus.
Dark radiation produced from the decay of the ith modulus make a contribution to
∆Neff (at the time of decoupling of neutrinos) which is given by
∆N ieff ≈ 6.14
Bi,dr
B1,vis
(
m1
mi
)2
,
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where Bi,dr is the branching fraction of the ith modulus to dark radiation. Thus, the
contributions from the heavier moduli drop inversely with square of their masses, and
do not pose a serious problem for Neff .
In the absence of annihilation processes, dark matter produced from the decay of
the ith modulus contributes to the dark matter number density at the time of the last
reheating by an amount
n
(i),rh
dm = ndm|ϕi decay
(
Γ1
Γi
)2
= ρi,in
(
Γi
mi
)2
Bi,dm
(
Γ1
Γi
)2
2
mi
=
1
2
m2pl Γ
2
1 Bi,dm
2
mi
(A.1)
Evolving this to the time of decay of ϕ1, the ratio of this contribution to the entropy
density is
n
(i),rh
dm
s
≈ 105 Bi,dmB1,vis
(
m1
mi
)
ndm
s
∣∣∣∣
Obs
, (A.2)
which leads to dark matter over abundance. On the other hand, in the presence of
annihilation processes, as described in section 4, the number density at the time of the
last reheating (nˆ
(i),rh
dm ) is reduced, its ratio to n
(i),rh
dm is
nˆ
(i),rh
dm
n
(i),rh
dm
' 1Bi,dm
1
m2i 〈σv〉ann
. (A.3)
Thus, in summary, the qualitative picture discussed in the two moduli case does not
change in the presence of many moduli.
B Ratio of scale factors in terms of ratio of Hubble
parameters
B.1 Matter dominated era
In the matter dominated era, we have
a ∝ t2/3 (B.1)
=⇒ H = 1
a
da
dt
=
2
3
1
t
(B.2)
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Thus,
=⇒ da
a
=
2
3
dt
t
(B.3)
which, after integration, gives
Log(af/ai) =
2
3
Log(tf/ti) =
2
3
Log(Hi/Hf ) (B.4)
=⇒
(
af
ai
)3
=
(
Hi
Hf
)2
,
(
af
ai
)4
=
(
Hi
Hf
)8/3
(B.5)
B.2 Radiation dominated era
In the radiation dominated era, we instead have
a ∝ t1/2 (B.6)
=⇒
(
af
ai
)3
=
(
Hi
Hf
)3/2
,
(
af
ai
)4
=
(
Hi
Hf
)2
(B.7)
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